Device quality indium tin oxide (ITO) films are deposited on glass substrates and ultra-thin diamond-like carbon films are deposited as a buffer layer on ITO by a pulsed Nd:YAG laser at 355 nm and 532 nm wavelength. ITO films deposited at room temperature are largely amorphous although their optical transmittances in the visible range are > 90%. The resistivity of their amorphous ITO films is too high to enable an efficient organic light-emitting device (OLED), in contrast to that deposited by a KrF laser. Substrate heating at 200℃ with laser wavelength of 355 nm, the ITO film resistivity decreases by almost an order of magnitude to 2×10 -4 Ω cm while its optical transmittance is maintained at > 90%. The thermally induced crystallization of ITO has a preferred <111> directional orientation texture which largely accounts for the lowering of film resistivity. The background gas and deposition distance, that between the ITO target and the glass substrate, influence the thin-film microstructures. The optical and electrical properties are compared to published results using other nanosecond lasers and other fluence, as well as the use of ultra fast lasers.
I. INTRODUCTION
A thin coating of indium tin oxide (ITO) [1] on glass or plastic substrates can be used as the transparent conducting electrode for flat-panel displays and acts as the hole-injection anode for organic light emitting devices (OLED) and organic solar cells. Common deposition methods include magnetron sputtering [2] , spray pyrolysis [3] , electron beam evaporation [4] and pulsed laser deposition (PLD) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . PLD of ITO using a KrF excimer laser by Kim et al. [6] reported a low resistivity of 2×10 -4 Ωcm and an optical transmittance of 92% in the visible range. The ITO-coated glass was used successfully for OLED in which the performance was comparable to that of those fabricated using the commercial ITO. ITO has also been deposited using pulsed Nd:YAG laser at 355 nm [11] [12] [13] [14] with a resistivity of about 1× 10 -4 Ωcm on heated glass and the optical transmittance was above 90%.
Ultrathin diamond-like carbon (DLC) film has been shown to influence the electrical characteristics, brightness and/or stability of OLEDs. For example, Lmimouni et al. [15] obtained two orders of magnitude increase in the injection-current of the polymer-based light emitting diodes, namely the ITO/P3OT/DLC/Al and ITO/DLC/ P3OT/Al devices but the effects on their brightness were not reported in the article. Han et al. [16] obtained two orders of magnitude increase in the current in ITO/ PEDOT:PSS/MEH-PPV/DLC/Al device using 1.5 nm DLC, but the OLED brightness decreased significantly. Choi et al. [17] showed that DLC acted as a diffusion barrier to prevent indium-ion contamination which improved the operation lifetime of OLED. Ultrathin DLC of 0.3-0.5 nm were also reported [18] to improve the brightness and lifetime of ITO/DLC/PEDOT/PPV/Ca /Ag. The improvement in OLED as a result of depositing DLC on ITO was explained in term of improved electron-hole charge balance in the light-emitting layer [17, 18] .
We have found that a 1.5 nm DLC-on-ITO stabilized the dielectric breakdown of ITO/(PS+Alq3+TPD)/Al device, due to weak electrical insulation of the lightemitting layer, which enabled the device operation to reach its maximum voltage [19] . This work was extended with ITO deposition on a glass substrate followed by DLC coating on ITO as a buffer layer with the aim of improving the electron-hole balance for OLED operation. In particular, the bulk and surface properties of ITO were optimized, compared with those deposited using KrF and intense fs lasers. Both ITO and DLC were deposited using a pulsed Nd:YAG laser with a third -harmonic output at 355 nm. Effects of DLC-on-ITO on the electrical characteristics and brightness investigated for in ITO/DLC/(PVK+Alq3+TPD)/Al device, where PVK stands for poly-(N-vinylcarbazole) which was used as the polymer host. Co-doped with the holetransport TPD or N,N'-diphenyl-N,N'-bis(3-methylphenyl) -1,1'-biphenyl-4,4'-diamine, and the electron-transport Alq3 or tris-(8-hydroxyquinoline) -aluminium, the PVK layer would function as the light-emitting layer under the influence of externally applied voltage.
II. EXPERIMENTAL

Deposition and characterization of ITO and DLC
ITO films were grown on glass substrates using a Qswitched Nd:YAG pulsed laser (EKSPLA, NL301) output at 355 nm. The basic setup for pulsed Nd:YAG laser deposition of ITO films was reported previously [14] . The ablation target was a disk of 50-mm diameter and 6-mm thickness of sintered ITO ceramic (99.99 % purity), 90 wt% In2O3 and 10 wt% SnO2 (Target Materials, Inc., USA). The focused laser beam was scanned over the target by an x-y motorized mirror with the glass substrate placed at 5 to 12 cm distance away, in the perpendicularly opposite position. The deposition chamber was evacuated to about 7×10 -4 Pa and a background gas was introduced at a constant flow to maintain the desirable working pressure. The background gas was normally oxygen, but argon, nitrogen and helium were tried. The deposition rate was estimated to be 0.5 nm/second, or 0.05 nm/shot.
The deposited ITO was usually 200 nm thick, as measured by stylus profilometer (Perthometer S2, Mahr) and Zygo optical interferometer. The electrical resistivity of the ITO films was measured by using both the four-point probe technique and the van der Pauw Hall Effect technique (Hall-effect, Lake Shore Model 7507 HMS with EM7). The optical transmittance was obtained from the UV-Vis-NIR spectrophotometer, consisting of a deuterium-halogen light source (AvaLight-DHc, Avantes) and an optical multi channel analyzer (Ocean Optics) with spectral range between 200-850 nm. The surface roughness of ITO was determined by the atomic force microscope (AFM; Digital Instrument D5000), while the amorphous-to-polycrystalline transition in the ITO film microstructures was investigated by the XRD.
DLC film was deposited by Nd-YAG laser ablation of pyrolytic graphite (PG) target (99.999% purity, Kurt J. Lesker) at 45° incident angle in 10 -6 Torr vacuum. Laser wavelength of 355 nm and 1064 nm with 1 Hz repetition rate and fixed fluences of ～12 J/cm 2 were used to produce two types of DLC films; DLCUV and DLCIR. The laser beam, focused to a 1 mm spot diameter was rastered over a 6.5 mm × 6.5 mm area on a graphite target by using an x-y motorized scanning mirror at a rate of 50 Hz. The substrates were placed at 12 cm from the target and the growth rate of DLC was ～0.02 nm per shot. DLC films are analyzed by using a Raman Spectrometer (Renishaw-2000), equipped with an argon laser with excitation λ = 514 nm.
OLED devices fabrication and characterizations
OLEDs were fabricated inside a nitrogen-filled glove box in a class-100 clean room. As mentioned in the early section, the OLEDs consisted of PVK as the host material that was doped with Alq3 and TPD, which were dissolved in chloroform at 10 mg/ml of concentration. The ITO samples were patterned into vertical strips by wet etching using dilute aquaregia solution (HNO3 (69%):HCl (37%):H2O of 1:3:4). A 65-75 nm thick layer of (PVK+TPD+Alq3) mixture was spin-coated on the ITO film. Horizontal strips of 50 nm thick aluminium cathode were then evaporated on the doped-PVK layer at 5×10 -4 Pa of vacuum. The light-emitting area of OLED was about 0.075 cm 2 , as defined by the overlapping area between the orthogonal strips of ITO and Al. Throughout this work, control samples of OLED were fabricated at the same time using commercial ITO-on-glass by the sputtering technique (sheet resistance ～ 28 Ω/sq, 70-nm -thick, transparency > 90 %).
DLC was coated either on the ITO anode or on the polymer layer to result in the device structure of Al/ TPD-Alq3 doped PVK/DLC/ITO or Al/DLC/TPD-Alq3 doped PVK/ITO. A shadow mask was used to pattern , was necessary to ablate a graphite target in order to achieve high sp 3 content. Visible Raman spectra from a 50-nm thick DLC indicated that the sp 3 content was probably 50% [19] . For DLC-coated-ITO, the speed of the spincoater was reduced by half in order to obtain the same thickness of (PVK+TPD+Alq3) layer.
The current-voltage (I-V) characteristic of the OLED was measured using the source-meter (Keithley 238 I-V) and controlled by the Interactive Characterisation Software (Metrics Technology Inc., USA). The electroluminescence (EL) intensity or brightness of the OLEDs was measured with an optical power meter (Oriel Instruments, model 70260) coupled to a silicon photodiode detector head (Oriel Instruments, model 70282). Figure 1 shows the effects of substrate temperature on the electrical and optical properties. The resistivity is represented by a linear plot which shows a decrease of (9.6-2.2)×10 -4 Ωcm with respect to temperature increase from 25-300℃. The inverse relationship is that the carrier density increases from 0.56 to 7.04×10 20 cm -3 . The temperature effect has been reported to increase the surface diffusion of adsorbed particles on the ITO hence improving its film quality [20] due to the thermal induced crystallisation. The increase in carrier concentration may be due to an increase in the diffusion of Sn atoms from interstitial locations and grain boundaries into the In-cation sites. Since a Sn atom has a valency of 4 and In is trivalent, Sn atoms act as donors in ITO films.
III. RESULTS AND DISCUSSION
ITO film properties (a) Electrical
(b) Microstructures
The thermally induced crystallisation of the ITO film, as a result of substrate heating, is shown in Fig. 2a . Main XRD peaks of (222), (400), (440) and (622) indices appear and indicate the cubic In2O3 bixbyite structure. ITO films generally have a texture showing the preferred <111> directional orientation. These peaks split into two adjacent peaks, as reported previously by Yi et al. [21] . Also confirmed by results from Adurodija, et al. [22] for the ITO films prepared by a KrF excimer laser, the peak-splitting was attributed to the presence of two strained layers. These two effects could result from the stress that caused the changes in the XRD peak shifts and peak splitting. However, Yi et al. [21] attributed the peak-splitting to the thermal-assisted, solid-phase crystallisation which was responsible for the formation of the amorphous ITO layer on top of the substrate, and the vapour-phase crystallisation for the formation of polycrystalline ITO layer on top of the a-ITO layer.
(c) Optical Transmittance
At the optimum O2 pressure, the optical transmittance in the visible region (400-700 nm) did not change appreciably with substrate heating, as shown in Fig.  2b . However, the absorption edge of the ITO film deposited at 250℃ shifts to a shorter wavelength, mainly due to the free-carrier absorption as result of increased carrier density. This is known as the Burstein-Moss shift [23] which correlates the shift to the increased filling up of the energy levels in the conduction band by electrons that are contributed by Sn atoms. Figure 3 shows the AFM images of our PLD-grown ITO films on 250℃ heated glass substrate at target-tosubstrate distance (dTS) of (a) 5 cm, (b) 8 cm and (c) 12 cm. The PLD-grown ITO film at 5 cm showed very smooth surface, as compared to the ITO films deposited at 8 cm and 12 cm. The root-mean-square roughness (Rrms) of these ITO films is 1.3 nm, 5 nm and 11 nm, respectively. The PLD-grown ITO film at 8 cm showed the columnar grain structures with an average size of 60 nm, whereas the ITO film deposited at 12 cm consisted of defected columns with wider voids between them. The energy of species impinging onto the substrate at 12 cm was lower than for those species impinging onto the substrate at 8 cm. As a result, the kinetics of atomic rearrangement was always lower for the substrate at 12 cm and thus the resulting ITO film surface had rougher morphology as compared to that at 5 cm and 8 cm. Table 1 compares the properties of ITO deposited on different substrates by KrF, Nd:YAG and femtosecond lasers. It is clear that there is still a lack of work being done on ITO deposition by using the intense fs laser, and effects of intensity and wavelength on the bulk and surface properties of ITO have not been investigated. It may be worthwhile to mention that surface modification of ITO at the nano-scale is expected to be easily carried out with relatively little damage by the fs laser, which may contribute to the improvement in the brightness and stability performance of OLEDs. Figure 4 shows the brightness performance of different OLEDs as a function of the applied voltage for face roughness of about 1.3 nm, gives OLED with a relatively higher threshold voltage (+ 4.2 V) and a smaller operating voltage range (-1.2 V), hence a lower maximum brightness (-30 %). In addition, for ITO deposited in O 2 and at 12 cm, the OLED shows a remarkable improvement with a reduced threshold voltage (-3.7 V), a higher rate of charge injection, a wider operating voltage range (+ 1.7 V) and hence an enhanced maximum brightness (+ 74 %). Wantz et al. [24] and Li et al. [25] reported that increasing the ITO surface roughness, by diluted aquaregia surface treatment, could greatly enhance their bi-layer OLED brightness although the lifetime was not investigated. They attributed the surface roughness effect to an increase of the anodic contact surface area and unevenness in enhancing the hole injection from the ITO layer into the hole transport layer. However, they did not observe a major shift in the threshold voltage. The main difference in the surfaceroughness effect between these [24, 25] and our present work lies in a large threshold-voltage shift, which may be attributed to the difference of single-layer and double -layer OLEDs.
(d) Surface Morphology
OLED performance
Compared to the OLED based on the commercial ITO, the differences in the threshold voltage and the operating voltage range for the OLEDs based on the ITO deposited in Ar and O 2 at 8 cm are less than 10 % while the maximum brightness is less by 13%. In a very recent article [26] , the nano-structured surface of a metal-oxide film was shown to increase the charge injection in a multilayer polymer LED. Figure 5 shows a plot of OLED brightness efficiency, which is normalised to the input power density and divided by the highest OLED brightness of the commercial ITO, for OLEDs based on ITO-on-glass and ITO that has been coated with an ultrathin DLC film. Even with our naked eyes, the effect of DLC-on-ITO observed was to remove most of the hot spots in OLED during initial stage of operation.
Effect of DLC
DLC properties
The Raman spectra of DLC films deposited by the 355-nm laser (DLC UV ) and 1064 nm laser (DLC IR ) are shown in Fig. 6 . Each spectrum can be deconvoluted into 2 curves, known as the disorder D peak and the G peak. According to the Tunistra Koenig relation for amorphous carbon, the intensity ratios of the two fitted Gaussian peaks, ID/IG is proportional to La, which is the cluster diameter [27] . While the G peak of both films varied very little, the more prominent D peak in the 1064 nm laser deposited film signified graphite clustering and hence is slightly higher in sp 2 hybridization. The 355 nm laser deposited film is also high in resistivity; 4 orders higher than those deposited by 1064 nm laser. The intrinsic average roughness Ra of DLC films (20 nm), measured on silicon substrates were ～0.20 nm for DLCUV and ～0.54 nm for DLCIR. It has been reported that superior smoothness can be achieved independent of thickness such that AFM of 0.9 nm thick films remain 0.13 nm in roughness [28] . The dependence of DLC on deposition wavelength is consistent with the reports by others [29, 30] . At higher photon energy, lower penetration depth of shorter wavelength laser in the ablation of graphite results in higher ionized energetic species for subplantation growth of high sp 3 content DLC films [31] .
OLED Performance
Light emissions were observed for a series of PVKbased devices with polymer thickness of 70-75 nm. This series consist of a standard device (ITO/polymer/Al), a device with DLCUV (ITO/DLCUV/polymer/Al), a device with DLCIR (ITO/DLCIR/polymer/Al) and a device with DLCUV deposited between the polymer layer and Al cathode (ITO/polymer/DLCUV/Al). All of the devices were emitting in the green region with a peak wavelength at 520 nm as detected by the spectrometer, indicating that the luminescence was dominated by the Alq3 compound and unaffected by the insertion of DLC. Figure 7 shows the current-voltage characteristics and brightness-voltage curve for all of the devices. The current-on voltages, VI-on for the devices were determined at 1 mA/cm The I-V characteristic and brightness of various OLEDs are summarized in Table 2 . The device configuration of ITO/DLC UV /polymer/Al has shown more rapid increase of current injection with VI-on of about 1.5 V less than a standard device. The maximum current density is 0.4 A/cm 2 at 24 V; after which the device failed and current dropped abruptly.
On the contrary, ITO/DLCIR/polymer/Al devices showed lower maximum current density and brightness than that of a standard device. The insertion of DLC, when positioned between polymer and Al layer, showed a detrimental effect for both thickness series where maximum current density was reduced by half (50%) of that for a control device sample. These devices show saturation and gradual decrease in current density before devices finally failed at higher voltage than standard In contrast to the previous reports [14, 17] , the improvement of surface roughness with DLC has minor effect in this study. The improved performance of insertion of high resistivity/sp 3 DLCUV suggests the possibility of its role as insulating buffer for OLED, such as of LiF [32] [33] [34] [35] , metal oxide [36] [37] [38] [39] , SiO2 [40] , MgF2 [41] and polymer [42] . Besides physically acting as interdiffusion barrier in high mobility materials, the mechanism for the enhancement by insulating buffers is generally explained by either the increase of probability of carrier tunneling with thin insulating layer or injection enhancement by low work function buffer. The latter requires low work function materials, which is appropriate for electrons only, while the tunneling process is applicable for most materials. It is also worthwhile mentioning that instead of tunneling, the opposite effect of hole-blocking by the buffer layer, although it reduced the current injection, can finally increase the device efficiency because of electron-hole balance for devices with MgF2, SiO2 and DLC [18, [41] [42] [43] .
With higher current injection and brightness, the highly insulating DLC in this case is more reasonably explained as a potential barrier that allows tunneling of carriers. The positive effect of injection barrier reduction can be due to the potential drop across the buffer and/or shifting of the Fermi level at the interface as illustrated in Fig. 8 [44] [45] [46] . The primary requirement of such a buffer is that it should be sufficiently thin to enable tunneling and it should also be able to withstand the high electric field. In addition, factors like the resistivity and the relative position of the work function at the buffer-organic layer interface for both ITO anode side and metal cathode have been documented [44] . The effect of highly insulating DLCUV as a buffer layer in our OLEDs is reflected in the lower VI-on and VL-on. In addition, the hole transporting capability in PVK may assist in the OLED operation where hole injection and in this case, tunneling occurs directly into the PVK layer [47] . The internal barrier height (IBH) [44] where DLC was inserted, is thus 0.9 eV for ITO and PVK interface.
Devices with DLCIR are inadequate for this process, probably due to the relative lower resistivity at this thickness. For ITO/polymer/DLCUV/Al, brightness enhancement was not obtained, in contrast to our previous report where polystyrene (PS) was used [19] . An increase in both VI-on and VL-on indicates that the potential drop across the device is too high; very thin DLC may be needed. In addition, PVK provides the hole transporting media and has been reported to be useful as electron blocking materials, and may even obstruct electron injection/tunneling.
IV. CONCLUSIONS
Optical transmittance and electrical properties of ITO deposited by a pulsed Nd:YAG laser were optimized by varying the deposition condition. These included the partial pressures of oxygen and argon as the background gases and the substrate-heating temperature, while the deposition distance influenced the surface morphology of ITO. These ITO properties influenced the turn-on voltage, current density and the maximum brightness of OLEDs. Literature search showed little work has been carried out using intense fs laser for the ITO deposition, and modifications of ITO surface properties were proposed using fs laser without causing physical damage.
The insertion of a 1.5-nm DLC in OLEDs might or might not improve their brightness. Deposited by UV laser wavelength at 355nm on the ITO, the DLC layer lowered the turn-on voltage, increased the current density and hence the OLED brightness. In contrast, the DLC layer deposited on ITO by the IR laser wavelength and also that deposited on the light-emitting polymer (before Al cathode) by the UV laser wavelength deteriorated the OLED performance in terms of current density and brightness. The OLED improvement by DLC deposited on ITO was explained by the reduction of energy barrier which facilitated the hole injection from ITO anode. The poor OLED performance as a result of DLC deposition on the light-emitting polymer layer was due to the suppression of electron injection from the aluminium cathode.
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